Daily secretion of pancreatic juice, including postprandial responses to food, was investigated in two groups of calves: preruminant (fed with liquid food) and ruminant (fed with solid food). Male Friesian calves (1 week old and 6 weeks old) were surgically fitted with a pancreatic duct catheter, duodenal cannula and two duodenal electrodes. Continuous 24 h collections of pancreatic juice and myoelectrical recordings were performed with minimal restraint and disturbance of animals. In both groups of calves clear periodic fluctuations in pancreatic juice secretion (volume, protein output and trypsin activity) coinciding with duodenal migrating myoelectric complexes (MMC) were recorded. Secretion of juice per cycle and per day was greater in ruminant calves, but the frequency and amplitude of cycles were lower in this group. There were no differences between day and night-time preprandial pancreatic cycles and duodenal MMC in preruminant calves, whilst in ruminant calves, evening MMC were longer than morning MMC. The pancreatic cephalic phase (increase of volume flow, protein output and trypsin activity during and just after food intake) was significant only in preruminant calves following morning feeding. Postprandial pancreatic cycles did not differ from preprandial cycles, except the pancreatic cycle (juice volume and trypsin activity) in which food was offered in preruminant calves. No gastric or intestinal phase was observed in either group of calves. In conclusion, biological cycles of the gastrointestinal tract are present in both preruminant and ruminant calves, and these cycles evolve along with the change from liquid to solid food.
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preprandial level, after that the secretion decreases for about 2-3 h and then shows a second postprandial peak lasting for about 4 h. It was assumed that the first peak was a result of cephalic stimulation driven by the vagal cholinergic pathway , and the second one might be the so-called intestinal phase coinciding with elevated flow of digesta through the small intestine (McCormick & Stewart, 1966) . Interestingly, no gastric phase was observed in calves (McCormick & Stewart, 1966) although studies with electromagnetic flow-meters implanted in the duodenum showed a significant increase in abomasal emptying in the first hour after milk ingestion (Girard & Sissons, 1992) . A similar pattern of postprandial secretion was also observed in preruminant goats by Naranjo et al. (1986) . In contrast to results obtained in preruminant calves and goats, feeding did not cause so dramatic a stimulation of pancreatic secretion, if any, in ruminant calves and in adult cattle and sheep (Pierzynowski et al. 1990 (Pierzynowski et al. , 1991 Kato et al. 1991) .
Recent studies have revealed that pancreatic secretion in preruminant calves is periodic Zabielski, 1994) . This pattern is to some extent similar to the periodic pancreatic secretion (PPS) observed in dogs (Boldyreff, 191 1; Magee & Naruse, 1983; Konturek et al. 1986) , pigs (Abello et al. 1988; Kiela et al. 1996) , rats ) and human subjects (Vantrappen et al. 1979) . It is manifested by cyclically recurring fluctuations in the secretion of pancreatic juice concomitant with the migrating myoelectric complex (MMC) of the duodenum. However, these pancreatic and duodenal fluctuations in preruminant calves were much less affected by food ingestion than fluctuations observed in dogs and rats (Konturek et al. 1986; Onaga et al. 1993; Zabielski et al. 1993) but were similar to fluctuations recorded in pigs fed twice daily (Kiela, 1996) . Podgurniak & Pierzynowski (1993) were the first to report that some fluctuations resembling PPS are present in ruminant calves. However, they did not perform simultaneous recording of motor or electrical activity of the gastrointestinal tract. The daily profile of pancreatic secretion (involving effect of morning and evening feeding) in terms of PPS fluctuations coinciding with duodenal MMC has not been investigated in young calves. In most of the studies performed so far, collections of pancreatic secretions have started in the morning and lasted for a maximum of 8 h thus involving only the response to morning feeding.
The aim of the present study was to monitor continuously for 24 h the secretion of pancreatic juice and the electrical activity of the duodenum in two age-groups of calves: preruminant (fed with liquid food) and early ruminant (fed with solid food). Studies in human subjects and in rats have suggested that pancreatic secretion is not uniform throughout the day (Gullo et al. 1987; Maouyo et al. 1993) . In the present study day-time (preprandial and postprandial) pancreatic secretion and duodenal MMC were compared with the respective night-time secretion in order to examine eventual daily differences. Collections of pancreatic juice and myoelectrical recordings were performed with minimal restraint and disturbance of animals.
EXPERIMENTAL METHODS

Animal preparation
In four 1-week-old and four 6-week-old male Friesian calves (46 (SEM 3) kg and 63 (SEM 3) kg body weight (BW) respectively) the pancreatic accessory duct and duodenum were catheterized and two silver bipolar electrodes were implanted on the proximal duodenum. Electrode 1 was implanted 40mm posterior to the duodenal bulb, and electrode 2 was sutured 40 mm anterior to the pancreatic accessory duct orifice . For surgery, the animals were premedicated with atropine (0.0 1 mg/kg; Atropinum Sulfuricum, Polfa, Poland) and 2 % xylazine (0.15 ml/kg; Rompun, Bayer, Germany),
Pancreatic juice collection and duodenal recordings
Continuous 24 h collections of pancreatic juice (starting from 06.00 hours) and recordings of the duodenal electrical activity were performed on each calf on day 7 after the surgery. In two preruminant calves and three ruminant calves, the collections were repeated on day 14 after the surgery. Thus, in preruminant calves the collections were done when they were 2 and 3 weeks old, and in ruminant calves when they were 7 and 8 weeks old. However, for further analysis of the data the mean value was calculated for each time point for these 'repeated' calves using the data from the first collection and from the collection repeated 1 week later, thus the final n value was 4, as was the number of animals (the differences between the first collection and the repeated one were small compared with the animal-toanimal variation and therefore were neglected). The indwelling electrodes were connected to an amplifier (BioAmp, ADInstruments, Australia) with high-and low-frequency cut-off filters of 50 and 3 Hz respectively. Signals were recorded with an Apple computer-based data recording system (MacLab, ADInstruments). Duodenal tracings, raw data and on-line spike frequency analysis (Chart v3.3, ADInstruments) , were inspected for the phases of the MMC on the computer monitor. Pancreatic juice was collected continuously into plastic vials by gravity drainage (100 mm), and the tubes were changed manually according to the following protocol. Starting from 06.00 hours pancreatic juice was collected at 5min intervals until 10.00 hours. In the meantime the calves received their morning food. The moment of feeding was determined by the MMC recording; feeding started during the late no spiking activity (NSA) phase that appeared at 08.00 hours f 15 min. The same procedure of sampling was repeated starting from 18.00 until 22.00 hours with evening feeding performed at 20.00 hours f 15 min. Between 10.00 and 18.00 hours and between 22.00 and 06.00 hours the juice was sampled in phase with duodenal MMC in order to reduce the number of samples. The electromyographical recording was analysed visually on-line for phases of the MMC, and in each MMC cycle the tube was changed only twice: the sample collected during the NSA phase in the duodenum (NSA sample) reflected the trough secretion in the PPS cycle . The sample collected during the irregular (ISA) +regular spiking activity (RSA) phases in duodenal MMC (ISA + RSA sample) reflected the peak secretion in the PPS cycle. The volume of each sample of pancreatic juice was measured and 0.2ml was taken for analysis. The remainder was infused into the duodenum by means of a peristaltic pump (PPlB-05, Zalimp, Poland) in the next respective phase of the duodenal MMC. Between 06.00 and 10.00 hours and between 18.00 and 20.00 hours, when juice was sampled according to a 5 min protocol, the remainder of pancreatic juice was infused in the next 5 min period.
Analysis, calculations and statistical tests
Each experiment lasting 24 h (from 06.00 hours one day to 06.00 hours the next day) was regarded as a closed circle. Data recorded in the early morning before the end of the experiment were thus used as a control for the morning feeding performed at the beginning of this experiment. The frequency of spikes (Hz, results not shown) and the duration of MMC cycles in the duodenum (min) are expressed as mean values, standard error of the mean (SEM) and standard error of the difference between means (SED) when appropriate. The accuracy of visual on-line analysis of the MMC (and changes of the tubes for juice collection) was high in comparison with the tracing analysis performed after recording: the beginning of an NSA sample was recognized within 10-15 s after termination of the RSA phase and the beginning of an ISA + RSA sample was recognized within 20-30 s after termination of the NSA phase.
For comparisons of MMC variables between the two age-feeding groups, Student's unpaired t test was applied. Student's paired t test was used for comparisons within the groups.
Samples of pancreatic juice were analysed for total protein (Lowry et al. 1951 ) and trypsin activity (Erlanger et al. 1961 ) with further modifications for ninety-six vial microplates . The trypsin activity expressed in units (U), was defined as the amount of enzyme hydrolysing 1 pmol substrate BAPNA ( N a-benzoyl-DLarginine-p-nitroanilide; Sigma, St Louis, MO, USA) per min.
Data from 5 min samples of pancreatic juice that were collected 2 h before and 2 h after feeding were recalculated in three ways. (1) The data from the 5 min sampling periods were summed into two preprandial 1 h periods and two 1 h postprandial periods for calculations that were done.regardless of the periodic secretion of the pancreas. (2) The data from three consecutive 5 min sampling periods obtained following the start of feeding were summed into a 15 min period. These summed data were used for examination of direct effects of feeding on pancreatic secretion (cephalic phase of pancreatic secretion). (3) The data from the 5 min sampling periods obtained 2 h before and 2 h after feeding were summed to match phases of respective duodenal MMC in order to reconstruct the periodic fluctuations around the feeding time. These 'reconstructed' data together with the data from 10.00-18.00 hours and 22.00-06.00 hours were used for examination of a daily profile of pancreatic fluctuations in the calves examined. After the computing of the juice flow (ml/kg per h), protein output (mg/kg per h) and trypsin output (U/kg per h), the data were averaged and expressed as mean values and SEM. Statistical evaluation was done using the unpaired t test for comparison between the groups, and the paired t test and repeated measures ANOVA followed by the Tukey-Kramer multiple comparison test for comparison within the group (InStat for Macintosh v. 2.03, GraphPad Software, USA). In all statistical analyses P < 0.05 was taken as the level of significance.
RESULTS
Duration of duodenal migrating myoelectric complexes and periodic pancreatic secretion cycles
Normal MMC coinciding with PPS cycles were recorded in the duodenum from the second or third postoperative day in all experimental calves. On average, totals of 42.3 (SEM 2.4) and 32.7 (SEM 2.3) MMC cycles per 24 h passed through the duodenum in preruminant and ruminant calves respectively (unpaired t test, P < 0.05). The mean duration of one MMC cycle in preruminant calves was 34.2 (SEM 3.4) min, and it was significantly shorter than in ruminant calves (44.3 SEM 2.5 min) (unpaired t test, P < 0-05). Three phases of duodenal MMC (NSA, ISA and RSA) could be easily distinguished in most of the myoelectrical tracings. The duration of MMC phases (based on four MMC cycles before administering food) is shown in Table 3 . No significant difference was observed between morning and evening MMC cycles in preruminant calves. In ruminant calves the evening MMC cycles were longer than the morning ones due to longer duration of ISA (paired t test, P < 0.05).
Feeding modified significantly the duodenal MMC cycles in which food was given but did not influence the synchronization between duodenal motility and PPS in any of the groups studied. In preruminant calves, the MMC cycle during both morning and evening feeding was significantly prolonged as compared with the last preprandial cycle ( Table 4) . In ruminant calves, however, only morning feeding prolonged significantly the prandial MMC cycle.
In preruminant calves, the mean duration of postprandial MMC (Table 5 ) was longer than that of preprandial (Table 3 ) cycles in the evening (in the morning, there was an increasing tendency, paired t test P = 0.08), whereas in ruminant calves, it was longer in the morning. This could be attributed to the duration of ISA phases which tended to increase in preruminant (paired t test, P = 0.15) and the duration of the morning ISA which was increased in ruminant calves (paired t test, P < 0.05) (Tables 3 and 5 ) as well as the duration of NSA phase which tended to decrease in both preruminant (paired t test, P x 0 . 2 1 ) and ruminant calves (paired t test, P=O.O55). In both groups of calves, the duration of MMC phases recorded following morning feeding were not statistically different from that recorded in the evening (Table 5) . As in preprandial cycles and in the cycle in which food was offered, there was a synchronization of duodenal and pancreatic cycles.
Pancreatic secretion in calves
The daily outflow of pancreatic juice was 7.9 (SEM 1.0) ml/kg BW in preruminant calves, and 14-2 (SEM 2.8) ml/kg BW in ruminant calves (unpaired t test, P < 0.05). Similarly, the daily protein output in preruminant calves was as low as 0.04 (SEM 0.009) g/kg BW, while in ruminant calves it was 0.12 (SEM 0.03) g/kg BW (unpaired t test, P < 0.05). Despite these marked quantitative differences in the daily juice outflow and protein output between preruminant and ruminant calves, the interdigestive pancreatic secretion fluctuated periodically in both groups (Figs. 1, 2 and 3) , and the PPS cycles were precisely synchronized in phase with the duodenal MMC. The lowest juice secretion, protein output and trypsin activity were observed in samples collected during duodenal NSA and significantly higher secretion was observed in ISA + RSA samples in both groups examined (paired t test, P<O.O5). The difference between the secretion in NSA and ISA + RSA phases in PPS cycles (juice flow, protein output and trypsin output) was greater in preruminant calves than in ruminant calves (unpaired t test, P < 0.05). There was no significant difference between morning and evening interdigestive periodic secretion in the two groups of calves. Pancreatic secretory response to feeding in preruminant calves (the secretion for 2 h following morning + 2 h following evening feeding) was 21 % of daily pancreatic juice secretion, and 29.4% of daily protein output. Morning feeding caused a temporary dramatic increase in all measured variables (juice flow, protein output, trypsin output) lasting 15 min in preruminant calves ( Table 6 ). The entire response to food was completed within 1 h; in the second hour following feeding pancreatic juice was secreted in the preprandial range. Morning feeding stimulated the exocrine pancreas more strongly than evening feeding (Table 6 ). The contribution of 2 h postprandial secretion to total daily secretion amounted to 13 % and 8 % for juice outflow (paired t test, P < 0.05), and to 19 % and 10.4 % for protein output (paired t test, P < 0.05) after morning and evening feeding respectively.
In contrast to preruminant calves, there was no significant increase in pancreatic juice secretion in the first 2 h following feeding (except for trypsin during evening feeding) in ruminant calves. There was an increase in protein output in the second hour following morning feeding ( Table 6 ). The contributions of 2 h postprandial to total daily fluid and protein outputs were, respectively, 7-7 % and 7.7 % for morning feeding and 6.4 % and 5.7 % for evening feeding.
Figs. 1, 2 and 3 illustrate pancreatic secretion within 15 min following food ingestion: the greatest response was observed in juice flow and trypsin output in preruminant calves for morning feeding, whereas evening feeding in preruminant calves and both feedings in 
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Mean values were significantly different from those for the evening: In preruminant calves, the pancreatic secretion during the PPS cycle in which food was administered was significantly elevated as compared with preprandial cycles. This was observed only during morning feeding as shown in Figs. 1, 2 and 3 . In the following PPS cycles (2nd to 7th and 8th to 13th), there were no significant differences in the secretion compared with preprandial cycles. Evening feeding did not affect any of the variables measured in preruminant calves and the secretion in the following postprandial cycles did not differ from the preprandial ones. In ruminant calves, no statistically significant differences were found. Except for a tendency towards an increase in the protein and trypsin outputs in the first PPS cycle following food, the PPS cycles following feeding did not differ from the preprandial oscillations.
DISCUSSION
In the present study, the duodenal electrical activity and exocrine pancreatic secretion were continuously monitored for 24 h in two groups of calves fed on liquid or solid food. There were no significant differences between morning and evening duodenal MMC and PPS cycles in preruminant calves and a longer duration of evening cycles was observed in ruminant calves. Pancreatic immediate response to food (cephalic phase) was the greatest in preruminant calves following morning feeding. In both preruminant and ruminant calves, food influenced only the PPS cycle in which it was offered. The following postprandial PPS cycles did not differ significantly from the preprandial pancreatic cycles.
Preprandial and postprandial pancreatic secretion
In the calves studied, there was a marked difference in pancreatic secretion between preruminant and ruminant calves, as has been reported elsewhere (McCormick & Stewart, 1966; Le Huerou-Luron et al. 1994 Zabielski, 1994) . The amount of secreted pancreatic juice per phase of the PPS cycle and per day was greater in ruminant calves, and the frequency and amplitude of cycles were lower in this group. In contrast, our previous study showed that prolonged maintenance on a liquid diet poorly affects the range of pancreatic juice secretion and the frequency of pancreatic cycles . It seems, therefore, that the type of diet (liquid or solid) is more important in the development of pancreatic exocrine function than the calf's age. In preruminant calves, the mean preprandial secretion was lower and the amplitude of periodic oscillations was greater than in ruminant calves, which may be explained by a different pattern of digesta flow through the duodenum (Girard & Sissons, 1992) . The volume of digesta flowing through the duodenum and its composition differs between preruminant and ruminant calves. Solid food provides more stimulating agents for the pancreas than milk or milk replacer (Kato et al. 1991) , whereas milk and skimmed-milk-based milk replacers contain factors that may inhibit pancreatic secretion (e.g. somatostatin ; Werner et al. 1985) and delay gastric emptying and small-intestinal transit (e.g. epidermal growth factor; Shinohara et al. 1996) . It was also found that the concentrations of plasma cholecystokinin (CCK) and secretin, known to be potent stimulators of pancreatic juice secretion, were higher in ruminant than preruminant calves . Besides, CCK and secretin membrane receptors located on pancreatic cells underwent certain development in calves (Le Meuth et al. 1991 . Moreover, CCK stimulates growth of the pancreas in all species examined so far (Nylander et al. 1992; Liddle, 1994) . These findings taken together may explain higher preprandial pancreatic secretion in ruminant calves in comparison with preruminant calves.
Postprandially, apart from the fluctuations coinciding with the duodenal MMC, we did not observe any obvious elevation in pancreatic juice secretion which could be referred to the second postprandial peak reported by others (McCormick & Stewart, 1966; Ternouth & Buttle, 1973) . Our results also apparently contrast with the results of Le Huerou-Luron et al. (1994) in the context of juice flow in preruminant calves, since they observed a significant decrease in juice flow simultaneous with an increase in protein concentration in the postprandial period. However, it was not mentioned in their experimental protocol which feeding (morning or evening) was taken into account, whilst in the present study it has been clearly shown that morning and evening feedings produced different pancreatic responses; we also observed a decreasing tendency in juice secretion in the second hour following evening food (see Table 6 ). Any difference in milk replacer formula, daily amount of food ingested or the mode of feeding could possibly be responsible for these discrepancies between the studies. The comparison of our previous results obtained following feeding with milk replacer based on soyabean and fish protein with the results obtained following feeding with milk replacer based on skimmed milk and whey in the present study favours this explanation. This comparison revealed markedly lower pancreatic response for the latter formula. Besides, our results obtained in ruminant calves corroborate the daily kinetics of pancreatic juice secretion in ruminant calves reported by Le Huerou-Luron et al. (1995) .
In all experimental calves, pancreatic secretion fluctuated in concert with the duodenal MMC before as well as after feeding. A similar observation was reported by Kiela (1996) in weaned pigs fed twice daily. The results obtained in preruminant and ruminant calves and pigs are in contrast with pancreatic profiles obtained in dogs. In the dog, the PPS cycles were observed only when the upper gastrointestinal tract was empty, and each cycle was manifested as a long asecretory period (lasting approximately 1.5 h) followed by a shorter secretory period (approximately 30 min) (Magee & Naruse, 1983) . Feeding immediately disrupted the MMC and PPS cycles in dogs, replacing them with vigorous electrical and motor activity in the duodenum concomitant with an elevated flow of pancreatic juice rich in enzymes lasting for 5-6 h (Konturek et al. 1986) . Another peak of juice secretion rich in bicarbonate was observed 10-1 1 h after feeding in dogs (Itoh et al. 1980) .
Pancreatic response to food ingestion
The cephalic phase was manifested in preruminant calves as a transient 15 min increase in pancreatic secretion during and just after food ingestion. A similar pattern was observed in pigs and dogs (Konturek et al. 1986; Kiela, 1996) . It has previously been shown that vagal and cholinergic pathways are the most important for stimulation of pancreatic secretion during feeding in calves , and that vagi play a permissive role in the action of secretin and CCK in this species (Zabielski et aZ. 19926) . The difference between morning and evening pancreatic responses to food in preruminant calves could be explained by a greater vagal input to the viscera in the morning. However, the mechanism needs to be clarified. Interestingly, Gullo et al. (1987) reported that pancreatic protein output during breakfast in human subjects was higher than that observed during lunch or dinner. They considered their findings to represent a washout phenomenon after a period of low secretion throughout the night.
Another important observation is the lack of the cephalic phase and a minimal disturbance of the first PPS cycle following feeding in ruminant calves as compared with R. ZABELSKI ET AL. preruminant calves. One possible explanation is the difference in the pattern of the digesta flow in the duodenum (Girard & Sissons, 1992) . That is, in preruminant calves the digesta flow is concentrated within the first few postprandial hours and slow thereafter, whereas in ruminant calves, the digesta flow is more continuous and does not show great variation between the preprandial and postprandial periods. In the latter pattern, the delivery of nutrients into the duodenum can permanently stimulate the exocrine pancreas to a certain level close to maximal stimulation, and therefore the cephalic stimulation via vagal nerves cannot be manifested. The experiment performed on adult sheep (Kato et al. 1984 ) is in accordance with this hypothesis. Indeed, it was found in this study that pancreatic juice was much more stimulated by food ingestion in sheep in which the flow of digesta into the duodenum was prevented for several hours, than in sheep with undisturbed digesta flow. The neural regulation of the pancreas could also dominate in neonates and the regulatory mechanisms, along with the development of the gastrointestinal tract, may become more and more dependent on gastrointestinal regulatory peptides (e.g. CCK, secretin). Therefore pancreatic response following feeding in neonates may be recognized as an effect of cephalic stimulation via vagi, and minimally related to food ingestion. This supposition can be illustrated by an experiment in which similar pancreatic responses (juice flow and bicarbonate, protein and trypsin outputs) in preruminants were obtained both during feeding with milk replacer and by giving the empty bucket to the calves (V. Lehiewska, P. Kiela and R. Zabielski, unpublished results).
Duodenal and pancreatic biological rhythms
No relations between abomasal motor activity and sleep were observed in adult ruminants (Ruckebusch, 1975) . This was in contrast to marked modifications of the gastrointestinal MMC by sleep in human subjects manifested mainly by a marked reduction in the duration of the ISA phase at night (Kumar et al. 1989; Kellow et al. 1992) . Preruminant calves exhibited similar proportions of sleep and wakefulness as adults of non-ruminant species (Ruckebusch, 1975) . Therefore, we expected the presence of a circadian pattern of duodenal and pancreatic activities in preruminant calves. In the present study, we did not observe apparent differences between day-time and night-time duodenal MMC and PPS cycles in either preruminant or ruminant calves (except the differences in the initiation of the cephalic phase). In this matter, our study corresponds with a pancreatic secretion study in weaned piglets (Thaela et al. 1995) . However, our observations are in contrast with those obtained in adult man with pancreatic duct drainage (Gullo et al. 1987 ) and in rats with chronically catheterized pancreatic ducts (Maouyo et al. 1993 ). In the human study there was a noticeable decrease in juice volume and bicarbonate secretion but not in protein output at night. In contrast to the human situation, pancreatic secretion in rats increased in the dark period and decreased in the light period. Our results suggest that the MMC and PPS cycles in calves are little affected by the time of day, which remains in contrast with the results obtained in diurnal (human) and nocturnal (rat) species.
In conclusion, recording of pancreatic cycles along with the duodenal motility enabled us to show the differences between the patterns of pancreatic secretion in preruminant and ruminant calves. These differences were most probably dependent on the anatomical and functional development of the upper gastrointestinal tract which were induced by the change of the diet from liquid to solid. This work was supported by the State Committee for Scientific Research, grant no. 5 S3 10 018 07.
